A hidden Markov model-based gene-finding system called Genie was applied to the genomic Adh region in Drosophila melanogaster as a part of the Genome Annotation Assessment Project (GASP). Predictions from three versions of the Genie gene-finding system were submitted, one based on statistical properties of coding genes, a second included EST alignment information, and a third that integrated protein sequence homology information. All three programs were trained on the provided Drosophila training data. In addition, promoter assignments from an integrated neural network were submitted. The gene assignments overlapped >90% of the 222 annotated genes and 26 possibly novel genes were predicted, of which some might be overpredictions. The system correctly identified the exon boundaries of 70% of the exons in cDNA-confirmed genes and 77% of the exons with the addition of EST sequence alignments. The best of the three Genie submissions predicted 19 of the annotated 43 gene structures entirely correct (44%). In the promoter category, only 30% of the transcription start sites could be detected, but by integrating this program as a sensor into Genie the false-positive rate could be dropped to 1/16,786 (0.006%). The results of the experiment on the long contiguous genomic sequence revealed some problems concerning gene assembly in Genie. The results were used to improve the system. We show that Genie is a robust hidden Markov model system that allows for a generalized integration of information from different sources such as signal sensors (splice sites, start codon, etc.), content sensors (exons, introns, intergenic) and alignments of mRNA, EST, and peptide sequences. The assessment showed that Genie could effectively be used for the annotation of complete genomes from higher organisms.
INTRODUCTION
The Genome Annotation Assessment Project (GASP) was organized by the Berkeley Drosophila Genome Project to determine the accuracy of current computational gene annotation methods when applied to the Drosophila melanogaster genome sequence. Gene annotation were submitted by 12 groups for the wellannotated Adh region of this genome . The predictions we submitted were computed using the Genie suite of software tools for gene finding. The Genie system is a generalized hidden Markov model (GHMM) that incorporates signal and content sensors as described in a recent review (Haussler 1998 ). Signal sensors model statistical information from functional sites in genomic DNA such as splice sites, start and stop codons, branch points, and promoters. In contrast, content sensors model global statistical properties of genes. The most studied model is the sensor to predict coding regions, referred to as coding exons or simply exons. In Genie, these content sensors are mostly based on the coding usage and coding preferences (summarized in Fickett and Tung 1992) as well as a length distribution for these content sensors. The applied Genie system is a newly trained version of the original work first described by Kulp et al. (1996) . This initial version was trained and optimized for human genes. The work was a first implementation and optimization of earlier theoretical work by Stormo and Haussler (1994) . Improvements on the splice site models as well as a description of the training for Drosophila melanogaster and initial results for this organism were reported in Reese et al. (1997) . The team further developed the system to integrate so-called homology information into a statistical gene-finding framework .
For the GASP experiment, three annotation files were submitted. The first, named Genie, was generated using statistical information from the cleaned gene collection as described in the next section. The second submission, named GenieEST, used the same signal sensors as Genie but extended the content sensors by incorporating EST information for the determination of the splice boundaries. The third submission, named GenieESTHOM, used, in addition to all the models from GenieEST, protein homology information from BLASTX runs (Altschul and Gish 1996) against the nonredundant protein Genbank database (nr). This run resulted in DNA-protein alignments to related protein sequences in Drosophila melanogaster, as well as to related protein sequences in other organisms.
METHODS
A GHMM is a probabilistic state machine representing gene structure, that is, a generative model that outputs random sequences along with a probability associated with each sequence. Figure 1 shows a schematic representation of the underlying model. Arcs in the graph are content sensors, that is, variable length features such as exons and introns, and the nodes in the graph are signal sensors corresponding to transitions between contents. The independent probabilities in the model are transition probabilities at nodes, length distributions on arcs, and likelihood models for each content sensor. The software that implements this model is very modular, and allows for easy integration of new nodes, arcs, and sensors.
Given a candidate sequence, the probability of the sequence given the model can be efficiently derived with a depth-first search. Further, by use of the same algorithm, the maximum probability path through the graph can be determined, which reveals the state sequence corresponding to the most likely gene structure. The details of the system are described elsewhere (D. Kulp, in prep.) .
For the application to the Drosophila genomic sequence, Genie was trained on a dataset provided by the organizers of the GASP experiment (http:// www.fruitfly.org/GASP/data/data.html), consisting of genomic DNA entries containing full coding region annotations from GenBank. The complete dataset consisted of 275 multiple exon and 141 single exon Drosophila genes. In addition to this well-annotated gene structure data set, all available coding sequences from mRNA sequence entries in GenBank for Drosophila melanogaster were used for training the codon usage/ codon preference Markov models. For GenieESTHOM the genomic Adh sequence was run against the nonredundant (nr) GenBank protein database.
EST/cDNA alignments were used to predict intron splice pairs in GenieEST. By use of BLASTN (Altschul and Gish 1996) , pairs of hits to the same subject sequence were extracted. When such pairs were approximately contiguous in the subject sequence and aligned near GT/AG splice boundaries, then an intron was predicted. The content sensor models for splice sites and introns were modified such that the probability was artificially raised for these so-called EST introns, effectively constraining the system to ensure that the introns were correctly annotated according to the EST/ cDNA evidence.
As first described in Kulp et al. (1997) , protein sequence homology is included as part of the content sensor for protein-coding regions in GenieESTHOM. By use of BLASTX, candidate homologs are identified and assigned a likelihood probability similar to the BLAST S score. The likelihood of a coding region that includes a protein database hit may be higher than by statistical analysis alone depending on the degree of similarity.
Part of the gene structure GHMM includes the core promoter region. The content sensor for this region is a time-delay neural network (Reese 2000) . The low specificity of independent promoter prediction is compensated in this approach by integrating promoter prediction into the complete gene prediction. Thus, in effect, possible promoter sites are only considered if they occur upstream of a probable coding region.
We have submitted annotations for the genefinding category as well as the promoter prediction category. In the following sections, both classes will be discussed separately.
Gene Finding
We submitted a total of 241, 246, and 258 gene predictions from Genie, GenieEST, and GenieESTHOM, respectively. In general, all three programs scored well in the gene-finding category (see Table 3 in Reese et al. 2000) . We divide the summary of the results into the proposed three categories: Base level, Exon level, and Gene level, and discuss the performance for all three submissions.
Base Level Results
All three programs achieve >95% sensitivity (Reese et al. 2000) . The extra information from ESTs and homology improve the sensitivity of the statistical Genie outcome by 1%. Most of the bases belonging to coding exons seem to be predicted by Genie, which makes the tool robust and sensitive for a first scan of genomes to identify most of the proteome of an organism.
In specificity, one can see a drop in performance for the Genie annotations that use homology information (GenieESTHOM) to 83% from 92% for Genie and 91% for GenieEST, respectively. This is surprising and means that Genie uses misleading protein homology information to predict coding regions that are noncoding. We believe this is due to some weaker homology hits that are recognizing protein-like elements in the DNA. These hits could be due to pseudogenes or just simply to elements that are protein like and were originally derived from real protein sequences either through outside integration by transposons, viruses, or simply by evolutionary gene duplication and subsequent degeneration through mutations. For 13 of the overpredicted genes, we know that they overlap transposable elements and, therefore, all 13 are counted as false positives (see Table 6 , below for details on the overlapped transposons).
Exon Level Results
Predicting splice sites, translation initiation, and termination is difficult to accomplish within a purely computational framework because these sites can be very divergent and might be regulated through the over-or under-representation of nucleotides in the respective consensus sequences. Prediction is further confounded by external enhancer or repressor-binding sites that are not well understood. The low rate of missed exons of 8.1%, 4.8%, and 3.2% for Genie, GenieEST, and GenieESTHOM, respectively, and the high sensitivity scores of >70% suggest that Genie finds almost all of the exons, but has more trouble predicting the precise boundaries correctly. GenieEST demonstrates significant improvement (sensitivity of 77% compared with 70%) in splice site identification, which is to be expected from the EST alignments. Sensitivity improves to 79% in GenieESTHOM. This tendency of improved scores for GenieEST and GenieESTHOM reverses itself on the specificity scores and wrong exon scores. Here, the best scores are from the pure statistical Genie program. This fact might reflect the data quality in the std3 reference set of presumed correct gene structures, in which quite a number of the genes are based on pure GENSCAN (Burge and Karlin 1997) predictions, a program similar in structure and concept to the statistical Genie program.
Gene Level Results
All three versions of Genie have problems assembling complete genes absolutely correctly. It is clear that this is a very hard problem, and so we find a sensitivity of 44% for GenieEST and GenieESTHOM to be very promising. We suspect that this is due to a well-balanced integration of statistical sensors combined with the strength of sequence similarity methods. Specificity is almost equal for Genie and GenieEST, but drops for GenieESTHOM, due to misleading hits to low-scoring protein-like elements. The relatively low number of wrong genes (10.7%) for the pure statistical Genie implies that users can have confidence that predicted genes do correspond, at least in part, to true proteincoding regions. Nothing in the training of Genie or in the application constrained Genie from predicting the transposases and the reverse transcriptases in the transposable elements as genes, and, of course, there might also be new genes that Genie recognizes that are not yet in the biological annotation from std3 (see Table 1 for details).
The statistic of split genes and joined genes describes the behavior of a program to assemble and separate genes from each other. The split gene numbers range from 1.17 to 1.15 for the three Genie programs, which indicates quite a high number of genes that are split into one or more genes. A total of 15%-17% of all genes are split into one or more separate gene predictions. The joint gene numbers are much lower (1.08-1.09), indicating the tendency of Genie to prefer to break up genes instead of joining them. Compared with other gene finders, both numbers are high, suggesting that other programs have better solutions for this problem.
Promoter Prediction
A total of 234 and 237 transcription start-site predictions were submitted for GeniePROM and GenieESTPROM, respectively. The success rate of the promoter assignment of ∼30% (27.1% for GeniePROM and 32.6% for GenieESTPROM) is in the same order as other programs, but indicates that promoter recognition is very difficult due to the complex initiation process. Because Genie's promoter assignments are in the context of gene identification and, as such, modeled in the complete generalized HMM to occur upstream of the start codon, the false-positive rate is low. For the evaluation of 853,180 negative bases, the rate is 1/14,710 for GeniePROM and 1/16,729 for GenieESTPROM, respectively (see Table 4 in Reese et al. 2000) . It is interesting to recognize that the EST integration improves promoter identification, which might be due to an extension of the 5Ј region of gene using information from a 5Ј EST sequence. Because of the integration into a gene-finding system, the numbers should be compared with the similar MAGPIE system, and it can be seen that whereas GenieESTPROM misses two more promoters (30 vs. 33), the falsepositive rate for it is lower (1/16,729 vs. 1/14,968).
Selected Gene Annotations
In this section, we discuss selected predictions or nonpredictions from Genie, GenieEST, GenieESTHOM, and GenieESTPROM compared with the standard sets std1 and std3, as well as the behavior of Genie compared with other gene-finding systems on the basis of the selected examples from Reese et al. (2000) .
As indicated in Figure 1 and the corresponding legend, the three Genie submissions are grouped together in all the figures from Reese et al. (2000) . They are the group of gene finders that are the farthest apart from the genomic sequence axis closest to the protein homology annotations.
In the "busy" region [in Reese et al. (2000) ; Fig.  2A ], all three Genie submissions predict the first four (DS02740. 4, DS02740.5, I(2)35Fb, DS02740.8) and the last of the forward strand genes (fzy) correctly. The fifth gene (DS02740.10), between 2,752,000 and 2,755,000 is only predicted by GenieEST and GenieESTHOM. This indicates that coding potential is not strong enough to distinguish protein coding from intergenic, and the additional information from EST sequences is necessary to identify the coding regions for this gene. Although GenieEST and GenieESTHOM predict the first three exons correctly, both miss the 3Ј splice site for the fourth exon and then select a 3Ј splice site in a different frame so that a stop codon is introduced in the middle of the real fourth exon. Thus, both programs miss the last four exons. It is possible that the coding potential for these remaining four exons is low, which is suggested by the fact that nothing is predicted with the statistical Genie. The fifth gene (Sed5) in this region on the forward strand is very interesting. Although two of the seven gene-finding programs follow the suggested annotation in std3, four others agree with a longer first coding exon annotation. All three Genie programs predict a longer initial coding exon. This is very interesting because of the difficulty in determining the exact start of translation of a gene. Most of the biologists predict the first ATG in a 5Ј EST sequence, followed by a long ORF as the real start codon, but this is not a strict rule and might be wrong in some cases.
On the reverse strand, the complete Genie suite predicts a two-exon gene at 2,741,000-2,742,500, where no gene exists in the std3 reference set. Because this prediction agrees with four other gene-finding programs and does not overlap any of the transposon annotations from Ashburner et al. (1999) , this might be a real gene missed in the std3 annotation. This gene also does not show any protein homology and might therefore be a novel gene (see Table 1 for details). Further EST screening and subsequent full-length sequencing studies may confirm this hypothesis. The next gene (heix) is correctly predicted by agreement of all three Genie programs, but the third gene (DS02740.9) on the reverse strand is not. The statistical Genie misses the first two exons and introduces a wrong start codon. EST sequence information extends the GenieEST and GenieESTHOM predictions, correctly identifying the final two and the second exon. However, both programs miss the initial exon, which is only 3bp long; the Genie model has a minimum Genie's overall low false-positive rate is demonstrated in the gene-poor region, [ Fig. 2B in Reese et al. (2000) ]. In this gene desert Genie predicts only two genes both on the reverse strand. The first is a single exon gene (DS01759.1), which is correctly predicted by all three Genie programs. GenieEST and GenieESTHOM both agree on an additional gene after this first single exon gene. Whereas other gene-finding programs predict single exon genes or genes containing two exons here, GenieEST and GenieESTHOM predict a gene with four exons. Although the exact structure of a possible gene in this region can only be wild speculation, it seems probable that there is a novel gene in this region.
All Genie programs predict the genes Adh and Adhr [ Fig. 3A in Reese et al. (2000) ] correctly. This is not surprising for GenieEST and GenieESTHOM because there are many ESTs available for both genes. But even without EST evidence, Genie predicted these duplicated genes correctly. As described in Ashburner et al. (1999) , both genes are active but under regulation of only one and the same promoter. The integrated promoter prediction (GenieESTPROM) indicates a possible TSS at 1,111,271 for the Adhr gene with a reasonable score. It would be interesting to verify this prediction by biological experiments.
Analysis of the gene outspread (osp), (Fig. 3B) , reveals a structural error in the gene model of Genie. The osp gene, the first gene on the reverse strand, contains many very long introns and contains, in one of these introns, the Adh/Adhr gene duplication on the opposite strand. In another intron, osp contains one gene (DS09219.1) on the same strand and another, equal to Adh/Adhr, on the opposite strand (DS07721.1). The current Genie model is built so that it does not allow gene(s) within or overlapping other genes either on the same or on the reverse strand. Therefore, the suite of Genie annotations break up the osp gene. The seven 3Ј exons are predicted correctly, but Genie introduces an erroneous first exon to complete this gene prediction. The exon at 1,104,419-1,104,995 overlaps with a Genie prediction of a single exon gene from 1,104,411 to 1,104,965. The correct prediction of most proteincoding bases in osp, despite the program's inability to identify the full gene structure in this complex situation, demonstrates its graceful degradation on odd gene structures and may explain its high base-level sensitivity relative to the number of totally correct gene predictions. Although the remaining seven 5Ј exons from osp are missed, the GenieEST and GenieESTHOM versions introduce a wrong three-exon gene in the middle of an intron. These EST-based Genie versions are forced to predict this gene through a mistaken EST sequence hit and alignment, which belongs to the overlapping DS09219.1 gene transcript (see Table 9 , below, for details).
Additional evidence for the general Genie behavior of splitting genes comes from the most complex gene in the Adh region, the Ca-␣ 1D gene [ Fig. 3C in Reese et al. (2000) ]. This long gene with >30 exons is split by Genie into three separate genes. Most of the long exons are covered by Genie predictions, whereas some of the short exons are missed entirely.
In Figure 3D in Reese et al. (2000) , the idgf cluster of three genes of the same family (idgf1, idgf2, and idgf3) shows the benefit of using EST information and the additional benefit of using homology information. The first intron is missed by the statistical Genie but recovered through the additional EST alignment information that spans this intron in GenieEST. Idgf3 is correctly predicted, but only in GenieESTHOM is ldgf1 predicted correctly from start to stop. In this case, the protein homology information extends the initial exon to a different start codon farther upstream.
Additional Selected Observations of the Genie Annotation
In Table 1 we list 26 potential novel genes that are predicted by at least one of the Genie programs and, in addition, have evidence through an overlap from at least one other gene-finding or homology program. The number seems to be very high (>11.7%), but because the process of annotating genes in genomic DNA is so hard, and because not all programs were available at the time of the annotation (Ashburner et al. 1999 ), we believe that at least the majority of these predictions are real genes. All predictions that overlap with an annotated transposable element were removed from this list. Table 2 lists the 19 genes from the reference std3 set for which no overlap of a Genie prediction exists. Thus, <10% of the annotated genes in std3 are missed by Genie. The individual submission scores are as low as 4.6%. We note that nine of these std3 annotations are based solely on predictions from the human version of GENSCAN (Burge and Karlin 1997) and/or gene finder (P. Green, unpubl.) predictions, the two genefinding programs used for the annotations in Ashburner et al. (1999) . For an additional six of these Genie-Gene Finding in Drosophila genes, Ashburner et al. (1999) augmented their evidence with BLAST hits with low P values. For Mst35Bb, there exists a very reliable cDNA alignment and it is certainly a real missed gene by Genie. The three remaining genes (DS07721. 1, DS003192.3, DS003192.4) are all based on cDNA alignments. None of these genes is predicted by any gene-finding program, and for only one, DS003192.4, there are two homology annotations but on the opposite sequence strand. Therefore, we believe that these alignments are very questionable and might be the result of typical cDNA-cloning artifacts as mentioned briefly in Reese et al. (2000) . To summarize the analysis of the 19 overpredicted genes, it is possible that the missed prediction rate of Genie is below the noted 4.6% and that very few real genes are missed.
One of the biggest problems with the Genie programs in the Adh annotation are joined and split genes. Tables 3 and 4 show that Genie is parameterized to The gene names from Ashburner et al. (1999) are listed. In addition, the evidence for that gene annotation from that paper is given. The Begin and End gene coordinates are from the std3 annotations. In addition, we list the number of overlaps by other gene finders and the two homology programs. All predictions in which Genie joins one or more genes from std3 are listed. The Begin and End gene coordinates are from the Genie predictions. The last two columns list the number of genes joined and their respective names.
favor splitting genes versus joining genes. Only 9 Genie annotations span two or more std3 genes (joined genes), whereas 19 std3 genes are split into separate Genie-predicted genes (split genes). The problem of joining genes is due to the difficulty of identifying the ends and starts of genes that unfortunately do not encompass strong statistical signals. Careful analysis of the split genes, on the other hand, showed that the length distribution of introns, a geometric distribution that favors short introns, is the reason for so many split genes. Another behavior related to the same problem of the length distributions of introns is the general tendency of Genie to introduce erroneous exons within otherwise long introns. Table 5 lists 11 typical examples. A simple, but unfortunate oversight is the poor treatment of transposable elements in the Adh region. Ashburner et al. (1999) found 17 transposable elements, which consist of repetitive elements, but also protein coding-like regions including long ORFs, predominantly for the transposase and the reverse transcriptase proteins. As expected, Genie cannot distinguish these transposon genes from protein-coding genes and, therefore, predicts 13 of the existing 17 genes as protein-coding genes (see Table 6 for a list of predicted transposons). In particular, GenieESTHOM predicts many of the transposable elements to be coding genes, because transposable elements contain protein sequences that result in strong protein alignments. Whereas the statistical Genie version only overlaps 3 of the 17 transposable elements, GenieESTHOM predictions overlap 13. These transposon hits contribute to an increased false-positive rate, wrong exon and wrong gene scores, and lower overall specificity (see Table 3 in Reese et al. 2000) .
In Table 7 , we report five gene annotations on the basis of Genie predictions that strongly indicate either a different gene structure than reported in std3 or a potentially new alternative splicing form for the listed genes. The underlying evidence along with the Genie predictions come from other gene-finding predictions as well as from EST sequence alignments.
Through evidence from high-scoring Genie predictions, EST alignments and the other annotation teams eight gene entries in the std3 reference set seem to be very suspicious. In Table 8 , predictions from other programs are only listed if they support the suggested corrected gene structure annotated by Genie. Careful cDNA alignment and additional full-length cDNA sequencing should shed light into these cases.
DISCUSSION What Went Right?
The results of GASP show that high specificity on the nucleotide base level can be achieved by using any of the three Genie programs. Splice sites and start and stop codons can be predicted with high confidence. If cDNA sequences exist, Genie can integrate them into the gene structure prediction and refine its splice site predictions.
All three Genie systems, including the EST/cDNA and protein sequence alignments, are fully integrated and automated. While computing the predictions in the 2.9-Mb region, the sequence was divided into 500-kb pieces with 10-kb overlaps. Overlapping predictions in the 10-kb overlaps were then manually resolved. This last manual step is automated in newer versions of the software. In general, Genie is optimized to have a low falsepositive rate for predicted genes. Whereas Ashburner at el. (1999) annotated 222 genes, the Genie programs found 241-258 genes, in which most of the overpredictions are believed to be true, but so far, undetected genes.
Although only ∼30% of the known transcription start sites could be predicted by the integrated neural network-based promoter prediction method-no better or worse than other methods-the false-positive rate, a typical problem in promoter prediction, is reduced. It seems that the integrated transcription start site prediction in a gene-finding system such as Genie might be the only way of scanning for promoters in a complete genome.
What Went Wrong?
Although the base-level predictions and exon-level predictions were very good, the results for gene assemblies partially expressed in joined and split genes are not. The major culprit is a poor model of long introns, which sometimes results in split genes. We have subsequently introduced two intron content sensors into the GenieGHMM-one for the usual shorter introns and one for the rare long introns. To help avoid split genes, we have also modified the EST integration to Genes in std3 that might have an alternative gene structure as predicted by Genie and with similar predictions from other gene finders are listed. The transposable elements that have an overlapped prediction by Genie are listed. The Begin and End coordinates are the transposable element coordinates from Ashburner et al. (1999) .
exploit pairing of 5Ј and 3Ј reads from the same clones. This information indicates gene boundaries, even when the complete gene lacks EST coverage.
Another oversight that resulted in many falsepositive predictions in each performance category was the nontreatment of transposons. Many coding regions in transposable elements were mistaken as genes, especially when using protein homology. A simple prescreening method for transposable elements could have masked out these regions and eliminated them from being predicted by Genie.
A structural mistake in the Genie gene model for GenieEST and GenieESTHOM resulted in erroneous predictions when EST evidence identified introns between noncoding exons (Table 9) . At the time of the assessment experiment, Genie's exon and intron models were exclusively based on coding region of genes. The revelation of this weakness has led us to change the underlying gene model, adding the notion of an intron in an UTR region.
All of the above errors were corrected in subsequent versions. Thus, the GASP experiment, the first of its kind to assess gene-finding technologies on a large contiguous genomic sequence region, was extremely useful and helped us directly to improve our system. However, the challenge of allowing genes within genes is more difficult. The lack of examples of eukaryotic overlapping genes has been a significant impediment. It will be interesting to see how EST alignment information might be helpful for predicting genes within genes. In addition, it should be noted that alternative splicing was not addressed in this GASP experiment. We believe ESTs, clustered by shared splice Coding gene predictions by GenieEST and GenieESTHOM that are either complete overpredictions or partially wrong by extending the coding regions into the 5Ј/3Ј UTR due to a wrong underlying gene model structure for noncoding ESTs (see text for details). The Begin and End coordinates are the GenieEST and GenieESTHOM predictions. Genes from the std3 annotations are listed for which multiple evidence from Genie and other programs exists implying wrong annotations. The Begin and End coordinates are from the std3 annotations. The evidence for the annotation in std3 is given as noted in Ashburner et al. (1999) In addition, comments for rejecting the annotated gene structure by Genie are listed.
form or divided by tissue type, will play a key role in addressing this problem.
CONCLUSIONS
Over the years, Genie has become a robust genefinding system. It allows for automatic training for new organisms, is highly modular, allowing for the integration of new external sensor models, runs fully automatically, even for entire genomes, and the running time is reasonable when applied to complete genomes such as the human genome. The statistical framework allows for a probabilistic assessment of individual predicted features and complete gene predictions. The concept of a generalized or semi-hidden Markov model is very powerful, as can be seen in the high performance scores of all systems on the basis of GHMMs in this experiment.
